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ABSTRACT

A 2-yr cloud microphysical property dataset derived from ground-based remote sensors at the Atmospheric
Radiation Measurement site near Barrow, Alaska, was used as input into a radiative transfer model to
compute radiative heating rate (RHR) profiles in the atmosphere. Both the longwave (LW; 5-100 wm) and
shortwave (SW; 0.2-5 um) RHR profiles show significant month-to-month variability because of seasonal
dependence in the vertical profiles of cloud liquid and ice water contents, with additional contributions from
the seasonal dependencies of solar zenith angle, water vapor amount, and temperature. The LW and SW
RHR profiles were binned to provide characteristic profiles as a function of cloud type and liquid water path
(LWP). Single-layer liquid-only clouds are shown to have larger (10-30 K day ') LW radiative cooling rates
at the top of the cloud layer than single-layer mixed-phase clouds; this is due primarily to differences in the
vertical distribution of liquid water between the two classes. However, differences in SW RHR profiles at the
top of these two classes of clouds are less than 3K day ™ '. The absolute value of the RHR in single-layer
ice-only clouds is an order of magnitude smaller than in liquid-bearing clouds. Furthermore, for double-layer
cloud systems, the phase and condensed water path of the upper cloud strongly modulate the radiative
cooling both at the top and within the lower-level cloud. While sensitivity to cloud overlap and phase has been
shown previously, the characteristic RHR profiles are markedly different between the different cloud
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classifications.

1. Introduction

It is well known that clouds have a substantial effect on
the downwelling longwave (LW) and shortwave (SW)
radiative fluxes that impinge upon the surface of Earth
and upwelling fluxes at the top of the atmosphere. The
magnitude of the cloud radiative effect, which is defined
as the difference in the radiative flux observed in all-sky
conditions versus what it would be under clear-sky con-
ditions, is highly dependent upon both the macrophysical
(e.g., height, fraction, number of layers, and temperature)
and microphysical (e.g., phase, water content, particle
size distribution, particle shape, and vertical distribution
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within the cloud layer) properties of the cloud layers
(Chen et al. 2000a,b; Brenguier et al. 2000; Shupe and
Intrieri 2004; McFarlane et al. 2007; Ebell et al. 2011;
Shupe et al. 2015). The accurate treatment of the radia-
tive properties of clouds is essential for a wide range of
applications including weather and climate modeling,
studying the land-atmosphere interactions through the
surface energy budget, and more.

Radiation is also an important component of diabatic
heating within the atmosphere. The vertical distribution
of radiative heating in the atmosphere has been shown to
be important to large-scale circulation (e.g., Sohn 1999;
Stephens 2005), but it also plays an important role on the
cloud scale. When convective activity is high, such as in
the tropics, radiation is a relatively small component of
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the diabatic heating (Stephens 2005; Hantel and Baader
1978). However, in conditions where convective activity is
low, such as in stratiform clouds, the importance of radi-
ation in the diabatic heating of the atmosphere increases.
Cloud-induced radiative heating changes the temperature
profile in the vicinity of clouds and thus the local stability,
sometimes inducing buoyancy-driven motions within the
cloud layer. This radiatively induced turbulence is an im-
portant process in stratiform clouds (e.g., Wood 2012) and
has been shown to be an especially critical component in
the maintenance of long-lived single-layer mixed-phase
clouds found in polar regions (Curry et al. 1996; Morrison
et al. 2012; Solomon et al. 2017).

The radiative heating rate (RHR) in the atmosphere
is determined by the change in net radiative flux Fe,
(defined as the net upwelling minus the net downwelling
flux) over some layer that has a thickness Ap:

A
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where T is temperature, ¢ is time, p is pressure, g is the
acceleration due to gravity, C, is the specific heat con-
tent of air at constant pressure, and z is the vertical
height coordinate. Thus, an increase in the net flux into a
layer (i.e., flux convergence) will result in an increase in
the temperature of the layer and vice versa. The total
RHR is the sum of the LW and SW RHRs, and is often
separated into the two components.

Observations of the RHR are challenging because
radiometers that measure the upwelling and down-
welling component of the radiative field must be flown at
two different levels simultaneously and have matching
fields of view (e.g., Francis et al. 1997; Valero et al. 1997,
Zender et al. 1997; Asano et al. 2000) to determine a
RHR profile. More typically, measurements from radi-
ometers on the surface and satellites at the top of the
atmosphere are used to derive a total atmospheric RHR
(e.g., Slingo et al. 2009). However, in both cases, sam-
pling uncertainties can result in large errors in the de-
rived RHR values (e.g., Settle et al. 2008). A more
common way to derive atmospheric RHR profiles is to
compute them using a radiative transfer model from
datasets that include the vertical distribution of tem-
perature, gases, and cloud properties (e.g., Jensen et al.
2002; Mace et al. 2006; Mather et al. 2007; Johansson
et al. 2015; McFarlane et al. 2016). However, the accu-
racy of the RHR profiles is strongly dependent upon the
accuracy of the cloud properties used as input; for
example, Ebell et al. (2011) demonstrated that the
computed cloud radiative effect is dominated by un-
certainties in the liquid water path (LWP) for water-
bearing clouds.
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There have been many papers (e.g., L’Ecuyer et al.
2008; Cesana et al. 2012; Haynes et al. 2013; Protat et al.
2014) that have characterized RHR profiles around the
globe from the active remote sensors in orbit (e.g.,
the CloudSat radar and CA LIPSO lidar); however, the
temporal resolution of these spaceborne observing sys-
tems is relatively poor. Ground-based sensors have
much higher temporal resolution at a given site and
typically higher vertical resolution, and while there
have been ground-based studies of the atmospheric
RHR in the tropics and midlatitudes [e.g., Mather and
McFarlane (2009) and Mace et al. (2006), respectively],
previous studies that looked at the radiative impact of
Arctic clouds focused on surface and/or top-of-the-
atmosphere radiative fluxes and not on the RHR pro-
files. Given the propensity of long-lived liquid-bearing
clouds in the Arctic (Shupe 2011) and the importance of
radiation in the maintenance of these clouds (e.g.,
Morrison et al. 2012; Solomon et al. 2014), we derived
the RHR from a dataset of cloud properties and atmo-
spheric state above the U.S. Department of Energy
Atmospheric Radiation Measurement (ARM) pro-
gram’s North Slope of Alaska (NSA) site in Barrow,
Alaska (Stamnes et al. 1999; Verlinde et al. 2016), which
is located at 71.323°N, 156.609°W. The resulting RHR
and cloud property dataset was then analyzed as a
function of cloud phase, number of layers, and other
properties to develop insight into the characteristic
RHR profiles above Barrow.

2. Methods

As input for calculating the RHR profiles, this analysis
uses the 2-yr cloud property dataset derived from ARM
observations at the NSA site between March 2004 and
February 2006 (Shupe et al. 2015). This cloud property
dataset consists of profiles of liquid and ice water con-
tents and the effective radii of the liquid and ice hy-
drometeors at 1-min resolution. The cloud properties
were derived using a multisensor approach (including
observations from a 35-GHz cloud radar, polarization-
sensitive lidar, microwave radiometer, infrared spec-
trometer, and radiosondes) that emphasized the careful
determination of cloud phase with height and the ac-
curate specification of LWP (Shupe et al. 2015). These
cloud properties were used as input into a radiative
closure study, which showed that the median bias in both
the downwelling LW and SW flux for liquid-bearing
clouds was less than 2Wm™ 2> (Shupe et al. 2015);
achieving radiative closure at the surface provides some
confidence that the cloud properties are accurate and
thus can be used in RHR calculations. We restricted our
analysis to this period because 1) the cloud properties in
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this dataset provided better radiative closure in both LW
and SW fluxes than an alternate cloud property dataset
(Shupe et al. 2015), and 2) the cloud radar, which
provides a critical input dataset to the cloud property
retrieval algorithm, was not operating well either before
(because of artifacts from the signal processor) or after
(because of a failure in the waveguide) this period
(Kollias et al. 2016). While this 2-yr dataset does not
represent a climatology of the clouds at the NSA site,
this dataset is a continuous and consistent representa-
tion of the clouds over those two years.

These cloud properties were then used as input into the
radiative transfer models RRTM_LW and RRTM_SW
(Mlawer et al. 1997; Iacono et al. 2008; Mlawer et al. 2016) to
compute RHR profiles. Additional information is required
for the RHR calculations. The atmospheric state (i.e.,
temperature and humidity structure) required for the radi-
ative transfer calculations was derived from twice-daily ra-
diosondes that were interpolated over the diurnal cycle and
blended with analysis fields from the European Centre for
Medium-Range Weather Forecasts operational model
(Shupe et al. 2015); this model provided the atmospheric
state above the maximum height of the sonde profile and
was used to fill any gaps that extended more than 12 h. The
1-min resolution humidity profiles from this interpolated
product were scaled with a height-independent scale factor
so that they agreed with the precipitable water vapor re-
trieved from the collocated microwave radiometer, which
was retrieved using the algorithm of Turner et al. (2007).
The surface albedo, when the solar zenith angle (SZA) was
less than 85°, was derived from upward- and downward-
facing pyranometers at the NSA site. The skin temperature,
which is needed for the LW calculations, was derived from a
downward-facing pyrgeometer assuming the surface emis-
sivity was 1. No aerosols were used in the RHR calculations.
The subarctic summer (May—September) and winter
(October-April) atmospheres provided the concentrations
of important radiatively active trace gases (McClatchey
et al. 1970). We subsampled the 1-min cloud property
dataset, computing RHR profiles every 10 min. Note that
the RRTM models were run twice for each sample in our
dataset; once with the cloud properties included, and once
with the clouds removed thereby providing a cloud-free
RHR calculation.

Our analysis will characterize the RHR as a function
of the properties of the cloud(s) above the NSA site. We
will use the number of cloud layers as one component of
our analysis; cloud layers are considered independent if
separated by at least two hydrometeor-free cloud radar
bins (90 m). To ensure robust statistics and minimize the
impact of transient amounts of cloud liquid or ice, we
will assume liquid exists in a layer if the LWP for that
cloud layer is greater than 1 gm 2, and that ice exists in
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that layer if the ice water path (IWP) in that layer is
greater than 10mgm 2. (Our results are relatively in-
sensitive to these thresholds.) The thickness of the cloud
layer was computed differently for ice-only clouds ver-
sus clouds that contained liquid water. If the cloud was
ice only, then the thickness is the distance from the
lowermost to uppermost radar bin with ice hydrome-
teors in the contiguous layer. If the cloud was liquid-
bearing, then the thickness was computed as the distance
between the lowermost and uppermost bins that contained
liquid water. As an example, the thickness of a mixed-
phase cloud that is composed of a liquid-topped cloud
layer with ice precipitating from the bottom (which is a
cloud type commonly observed in the Arctic) is the
thickness of the liquid layer.

We will consider the LW and SW RHR profiles sep-
arately in our analysis. All of the available data will be
used to derive the characteristic LW RHR profiles for
the different cloud classifications. However, we will limit
our analysis of the SW RHR to cases where the SZA is
less than 75°; this reduces complications associated with
very low solar elevation conditions. However, by re-
stricting the SW analysis to those cases when the sun is
high, the number of samples is greatly diminished, and
thus makes it more challenging to draw statistically de-
finitive results when we further subset the data (e.g., by
surface albedo and LWP). These limitations will be
discussed in more detail below.

3. Results
a. Seasonal cycle

There is a strong annual cycle to the distribution of
liquid and ice hydrometeors above Barrow. The two
years of observations and all-sky model calculations
from these 10-min resolution observations were com-
posited into monthly mean profiles to show this annual
cycle (Fig. 1). The distribution of mean all-sky liquid
water content (LWC; Fig. 1c¢) shows that the liquid water
is distributed higher in the troposphere during the
summer and early autumn, with significant average
amounts of LWC (0.1 gm ) existing at 6 km or higher.
During these months, we also note that the largest mean
LWC (~1gm™?) occurs in the lowest 500 m throughout
the summer, but this layer of high mean LWC becomes
significantly deeper and reaches ~1.5-km depth in
September, October, and into early November. The late
winter—early spring has the smallest mean LWC values,
but there are times when the mean LWC value reaches
0.1gm ™ at low levels. The mean all-sky ice water con-
tent (IWGC; Fig. 1d) also shows a strong seasonal cycle, with
the lowest values (0.05 gm ) in the January, February, and
early March. The mean value of IWC in the lowest 2km
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FIG. 1. A composite showing the yearly evolution of the
monthly mean all-sky RHR profiles due to (a) SW and (b) LW
radiation, as well as the evolution of the vertical distribution of
monthly mean (¢) LWC and (d) IWC.

Height [km AGL]
S

J F M A

during the summer months is very small because of the
warmth of the atmosphere; the low-level clouds during this
period are composed primarily of liquid hydrometeors.
The highest mean IWC values, with values approaching
0.3gm >, are found in the lowest 2km during the autumn.
These all-sky LWC and IWC results are the product of the
cloudy-sky water contents and cloud occurrences for liquid
and ice, respectively, given in Fig. 4 of Shupe et al. (2015).
The reader is referred to Shupe et al. (2015) for more details
on cloud occurrence statistics. Here, all-sky values are
considered to enable comparison with all-sky RHRs.

This seasonal cycle of cloud properties imparts a
strong seasonal cycle on the mean all-sky RHR profiles.
The vertical distribution of the hydrometeors, and pri-
marily the liquid water, results in SW radiative heating
(Fig. 1a) from the surface to nearly 8km from May
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through late August, with the strongest mean SW radi-
ative heating occurring in the lowest 500 m in May cor-
responding to a period when there are large mean LWC
values in the lowest 500 m and relatively lower mean
LWC and IWC values above it. The effect of the clouds
on the LW RHR, in a mean sense, is to cool the atmo-
sphere (Fig. 1b) with the strongest mean LW radiative
cooling associated with the low-level liquid clouds where
the mean LWC values are approximately 1.0gm °.

b. Basic characterization and data selection

To understand the effect of clouds on the radiative
heating of the atmosphere, we simplified the analysis by
segmenting the results as a function of cloud type. There
were 95430 samples in our 2-yr dataset. During this 2-yr
period, the sky was cloud free directly above the ARM
NSA site approximately 27% of the time, had single-
layer clouds 44% of the time and double-layer clouds
22% of the time, and the remaining 7% of the cases had
3 or more cloud layers. Note that the monthly distribu-
tion of cloud phase is shown in Shupe et al. (2015) and
thus is not replicated here. Our analysis here will pri-
marily focus on single-layer clouds, of which 45% were
liquid only, 24% were ice only, and the remaining 31%
were mixed phase (i.e., contain both ice and liquid hy-
drometeors in a single contiguous cloud layer).

Our goal is to investigate the characteristic RHR profiles
of clouds from these three types. Thus, we decided to only
include clouds in our analysis where the lowest level of the
cloud was at least 200 m above the ground, so that we could
investigate the impact the cloud has on the radiative heating
rate profile below the cloud. For the typical mixed-phase
cloud that is topped with liquid water, this implies that the
liquid layer be at least 200m above the ground; the pre-
cipitating ice could extend to the surface. Furthermore, we
required the cloud layer have a minimum vertical extent of at
least three continuous radar bins (i.e., 135m) to be included
in the analysis. Last, as we wanted to look at clouds as a
function of LWP, and less than 5% of liquid-bearing clouds
had a LWP greater than 300 gm ™~ (Fig. 2a), we limited our
analysis of liquid-bearing clouds to those with LWP
below this threshold. These restrictions reduced the
number of single-layer clouds, resulting in 2782 liquid-
only, 6462 mixed-phase, and 6056 ice-only clouds.

¢. Mixed-phase versus single-phase cloud
distributions

Two clouds that have the same total condensed water
path can have markedly different effects on the radiative
fields (e.g., Key and Intrieri 2000; Cesana and Storelvmo
2017), and thus we start our analysis by looking at the
properties of the clouds in our dataset. A natural question is
this: How do the physical properties of single-layer
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FIG. 2. The distribution of the logarithm of (left) LWP and (right) IWP in single-layer liquid-only (red), ice-only
(blue), and mixed-phase (green) clouds over the 2-yr dataset.

mixed-phase clouds differ from their single-phase cousins?
First, the distributions of LWP and IWP are markedly
different. The LWP distribution for single-layer cases ex-
amined here (Fig. 2a) shows that for clouds with LWP
values between 10 and 120gm 2 there are more liquid-
only than mixed-phase clouds, but the opposite is true for
LWP values less than 10 or greater than 120gm ™2 The
IWP distribution (Fig. 2b) shows a similar feature, where
clouds with IWP values between 1 and 12gm ™2 are more
frequently ice only than mixed phase.

A second difference between mixed-phase and single-
phase single-layer clouds is their distribution of geo-
metric cloud thickness (Fig. 3). The liquid-only cloud
thickness distribution could be represented by a gamma
distribution with a peak in the distribution of approxi-
mately 160m. The mixed-phase cloud distribution

40 A ]

L Liquid-only Clouds ]

F Ice-only Clouds ]

g 30 ; Mixed-Phase Clouds é
» r ]
3 F ]
17} r ]
8 F ]
« 20 =
5] E 1
p — L o
(0] F ]
.CE) C ]
S 10 E
=z r ]
0 .‘ I ]

2.5 3.5
Log,,(Geometric Cloud Thickness [m])

4.0

FIG. 3. The distribution of the log of the cloud thickness for
single-layer liquid-only (red), ice-only (blue), and mixed-phase
(green) clouds from the 2-yr dataset.

appears to be bimodal, with peaks at 180 and 400 m;
however, it is possible that this is due to sampling and
that a larger dataset might show that the distribution is
really single modal. The ice-only cloud thickness has the
broadest distribution, with values ranging from several
hundred m to over 6 km.

There is also a significant difference in the seasonal
distribution of the LWP in single-layer clouds (Fig. 4).
Both the liquid-only and mixed-phase clouds have a
minimum LWP in March and April, and the range of
both categories is smallest in April. However, the
monthly median LWP for liquid-only clouds peaks in
August and September, whereas for mixed-phase clouds
the median LWP peaks in October (although the values
for August and September are also reasonably large).
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FIG. 4. The monthly distribution of LWP for single-layer liquid-
only (red) and mixed-phase (green) clouds from the 2-yr dataset.
The median is given by a thick horizontal line in the center of the
box, the interquartile spread by the box, and the 5th and 95th
percentiles by the whiskers.
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For most months, the median LWP for mixed-phase
clouds is larger than the median LWP for liquid-only
clouds; the exceptions to this is December (where the
liquid-only median LWP is markedly higher than that
for mixed-phase clouds) and May, June, and July where
the median LWP for liquid-only clouds is only slightly
higher than that for mixed-phase clouds. However, for
all months except December, the range of LWP is larger
for the mixed-phase clouds, and in many months the
range is considerably larger.

Interpreting the monthly distribution of IWP for
mixed-phase and ice-only clouds (Fig. 5) is not as clear.
The primary signal in this figure is that the range of IWP,
as expressed by the spread between the 95th and 5th
percentiles, is larger in all months for mixed-phase
clouds than ice-only clouds. The interquartile spread is
usually larger for the mixed-phase clouds also, but not
for all months. Median IWP values are often similar,
with mixed-phase clouds having somewhat higher values
in June-August and single-phase clouds having higher
medians through the rest of the year.

d. Characteristic single-layer ice-only cloud RHR
profiles

As the total water path is the main modulator of the
radiative field, we sorted our data into bins by the water
path so that the different bins had roughly the same
number of observations. We then interpolated the ra-
diative heating rate of all single-layer clouds onto a
normalized height grid to investigate the radiative
heating between the cloud base and Earth’s surface,
between the cloud base and cloud top, and above the
cloud. The normalized height grid for single-layer clouds
(used in Figs. 6, 7, and 10) was defined as a linear scale
from O to 3, where the surface was level 0, cloud-base
height was level 1, cloud-top height was level 2, and 10
radar bins above cloud-top height was level 3; the RHR
profiles were interpolated to this vertical grid.

Figure 6 shows the characteristic vertically normal-
ized LW (Fig. 6, left) and SW (Fig. 6, right) RHR pro-
files for single-layer ice-only clouds, wherein the cases
were separated into six IWP bins (Table 1). The char-
acteristic clear-sky RHR profiles, which were computed
for the same samples using the RRTM model without
cloud input, are shown in Fig. 6 as the cyan lines. Note
that these clear-sky profiles show slight structure in
RHR relative to the normalized cloud boundaries be-
cause of enhanced water vapor at those heights. For the
IWP bins with small amounts of ice, the median LW and
SW RHR profiles are only slightly different than
the clear-sky profiles, with a small amount of additional
LW radiative cooling inside the cloud, very little SW
warming inside the cloud, and no significant impact
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FIG. 5. The monthly distribution of the log of IWP for single-
layer ice-only (blue) and mixed-phase (green) clouds from the 2-yr
dataset. The median is given by a thick horizontal line in the center
of the box, the interquartile spread by the box, and the 5th and 95th
percentiles by the whiskers.

either above or below the cloud. However, as the IWP
increases above Sgm™? (red, purple, and gray lines)
there is significantly more LW radiative cooling inside
the cloud with rates of 2-3 K day ' above the clear-sky
value; this agrees very well with the 3K day ' value
suggested by Curry et al. (1996). This LW cooling is
partially, but not fully, offset by SW heating inside the
cloud. Furthermore, for these cases, there is also some
LW radiative heating (relative to the LW clear-sky
RHR profile) below the cloud that diminishes with dis-
tance away from the cloud, and for the class with the
highest IWP values (30-100 gm~?) there is even radia-
tive heating (again relative to the clear-sky profile) in
the lowest part of the cloud. This LW radiative heating
(relative to clear sky) below the cloud is partially offset
by slight SW radiative cooling (relative to clear sky).
Note that the SW RHR profile for the highest IWP bin
is not shown in Fig. 6 (right) because there were very
few samples and thus the statistics were poor.

e. Characteristic single-layer liquid-bearing cloud
LW RHR profiles

The same analysis was performed to determine the
characteristic LW RHR for single-layer liquid-bearing
clouds (i.e., liquid only and mixed phase). The median
RHR profile was computed for all clouds that have LWP
in five separate bins: 1-10, 10-30, 30-60, 60-120, and
120-300gm 2. These bins were chosen such that the num-
ber of cases in each bin is roughly equivalent (Table 2).
There are approximately 2-3 times as many mixed-phase
cloud events in each LWP bin than liquid-only cloud events.

The median LW RHR profiles for liquid-only clouds
are shown in Fig. 7a. The bin with the lowest LWP shows
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FIG. 6. The normalized vertical distribution of the median (left) LW RHR and (right) SW RHR for single-layer
ice-only clouds using the IWP specified in Table 1 between the surface (Sfc), cloud base (CBH), and cloud top
(CTH). The median clear-sky RHR profiles are also shown. The number of cases in each bin is given in Table 1.
Because of the small number of cases, the median SW RHR result is not shown for the largest IWP bin.

relatively uniform LW radiative cooling throughout the
cloud at approximately 10-15K day ' cooling. However,
as the LWP increases, the LW radiative cooling at cloud
top increases dramatically, and is focused on a narrower
layer, with cooling rates at cloud top above 80K day !
for clouds with LWP in the 120-300gm 2 range. In-
terestingly, this shape of the LW radiative cooling within
the cloud changes noticeably as the LWP increases, with
the bottom portion of the cloud having smaller LW
cooling rates, and for clouds in the larger LWP bins there
is even some small amount of LW radiative heating near
cloud base with rates approaching 5Kday ' (Fig. 7b).
This vertical distribution of LW radiative effects, espe-
cially for clouds with larger LWP values, could create an
unstable environment (if all other processes are held
fixed), which would then result in turbulent mixing as
colder parcels from the upper part of the cloud sink and
warmer parcels rise. This turbulent mixing, driven largely
by LW radiative flux divergence at cloud top, is hypoth-
esized to play a significant role in the maintenance of
liquid-bearing clouds in the Arctic (Morrison et al. 2012).

The same analysis was performed for single-layer
mixed-phase clouds (Fig. 7c). Qualitatively, the char-
acteristic LW RHR profiles for mixed-phase clouds are
similar to liquid-only clouds. However, the magnitude of
radiative cooling at cloud top for a given LWP bin is
slightly smaller for mixed-phase clouds relative to
liquid-only clouds; this is true for the radiative cooling
throughout the cloud.

The differences between the vertically normalized
LW RHR profiles between liquid-only and mixed-phase
clouds for each LWP bin are shown in Fig. 7d. The dif-
ference in the maximum cooling rate is about 30 K day "
for clouds with LWPs in the 120-300gm ™2 bin, which
occurs not at cloud top but at an altitude slightly below
cloud top, indicating differences in the shapes of the
profiles of LWC and IWC, and thus RHR, in the cloud.
The differences in RHR profiles for cases with moderate
LWP between 10 and 120gm ™2 are relatively similar.

We believe that the difference in the median RHR
profile (for a given LWP range bin) between liquid-only
and mixed-phase clouds is primarily related to the ver-
tical distribution of the LWC within the clouds. The
median LWC and thickness for the liquid-only and
mixed-phase single-layer clouds are provided in Table 3.
The median LWC in mixed-phase clouds is about 60%
of the LWC in single-layer liquid-only clouds; however,
to keep the LWP about the same the mixed-phase
clouds are thicker (i.e., have more vertical extent) than
the liquid-only clouds by 25%-50%. By distributing the
liquid water over a larger vertical distance, the vertical
profile of cloud optical depth has smaller magnitudes in
mixed-phase clouds than liquid-only clouds, which af-
fects the radiative divergence and thus the RHR profile.
Yet, the fact that the mixed-phase clouds are thicker
results in a relative vertical compression of the strongest
cooling near cloud top when viewed in the vertically
normalized perspective. Furthermore, the addition of
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FIG. 7. The normalized vertical distribution of the median LW RHR for single-layer liquid-bearing clouds using
the LWP bins specified in Table 2 between Sfc, CBH, and CTH. The median clear-sky LW RHR profiles are also
shown. (a) Median profiles for liquid-only clouds, (b) median profiles for liquid-only clouds focusing on the values
on the lower part of the profile (zoomed x axis), (c) median profiles for mixed-phase clouds, and (d) differences
between the median profiles of liquid-only and mixed-phase clouds.

the IWCin the bottom of the liquid layer of mixed-phase
clouds increases the cloud optical depth in the lower part
of the cloud somewhat, further affecting the radiative
divergence at the bottom of the mixed-phase cloud.
Last, it is noteworthy that the ice falling below the liquid
layer in mixed-phase clouds has relatively little impact
on the RHR below cloud base. Stephens (1978) showed
the sensitivity of the radiative heating rate to the LWC
profile, given a fixed LWP value, many decades ago.
The characteristic (i.e., median) LW RHR profiles for
each LWP bin provide insight into the impact of these
single-layer liquid-bearing clouds on the atmosphere
within and around the cloud. However, it is also useful to
look at RHR distributions at cloud top and cloud base
and how they are different between liquid-only and
mixed-phase clouds as a function of LWP. The distri-
bution of the LW RHR at cloud top (i.e., at the upper-
most radar bin for the cloud) for each of the LWP bins is
shown in Fig. 8. The most remarkable difference is that

the distribution is shifted to larger cooling rates for
liquid-only clouds relative to mixed-phase clouds for all
LWP bins; this is especially true for clouds in the 30-60
and 60-120gm ™ ? bins (Figs. 8c.d, respectively) where
the shift to larger cooling rates is much larger. In-
terestingly, for mixed-phase clouds with LWPs less than
60gm 2 (i.e., Figs. 8a—c) there is a peak in the LW

TABLE 1. Number of ice-bearing single-layer clouds in each IWP
bin for both the LW (all cases) and SW statistics (only when the
SZA < 75°) shown in Fig. 6.

IWP bin range (mgm™2) LW no. SW no.
10-1000 2079 609
1000-2500 984 258
2500-5000 949 207
5000-10 000 943 226
10 000-30 000 819 186
30 000-100 000 282 47
Total range: 10-100 000 6056 1533
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TABLE 2. Number of clouds in each LWP bin for liquid-bearing clouds for all cases and for only cases for which the SZA < 75°.

Liquid-only clouds

Mixed-phase clouds

Liquid-only clouds Mixed-phase clouds

LWP bin range (gm ™ 2) (all SZAs) (all SZAs) (SZA < 75° (SZA < 75°
1-10 330 958 87 155
10-30 619 1387 224 265
30-60 739 1227 248 168
60-120 684 1309 304 134
120-300 410 1581 184 161
Total range: 1-300 2782 6462 1047 883

cooling rates of about 5K day '; this is due to a large
number of cases where there is a significant amount of
IWC at cloud top (i.e., above the liquid in the cloud
below) that serves to partially attenuate that LW radi-
ative cooling from the liquid portion of the clouds.

The distribution of the LW radiative heating rate at
cloud base (i.e., the lowest radar bin that contains liquid
water) in the single-layer liquid-bearing clouds is much
different than the situation at cloud top. For clouds with
LWP in the range from 1 to 10 gm 2, the distribution of
LW radiative heating for liquid-only clouds is shifted
to slightly smaller values than mixed-phase clouds
(Fig. 9a) showing that the liquid-only clouds cool the
atmosphere a bit more efficiently than mixed-phase
clouds; this is due primarily to the difference in the
distributions of LWC within the cloud but also to the
partial attenuation of the ice in the mixed-phase clouds.
However, this is reversed for all clouds with LWP
greater than 10gm ™2 wherein the liquid-only clouds
have larger radiative heating rate values at cloud base
than mixed-phase clouds (Figs. 9b—¢). For clouds with
LWP values greater than 120gm 2, both liquid-only
and mixed-phase typically clouds warm the atmosphere
at cloud base because of radiative flux convergence [this
was also observed by Slingo et al. (1982) for midlatitude
marine stratocumulus clouds], but the liquid-only clouds
are more efficient at this primarily because of the higher
LWC values in the liquid-only clouds.

f- Characteristic single-layer cloud SW RHR profiles

A similar analysis as above was performed to derive
characteristic SW RHR profiles in single-layer liquid-only

and mixed-phase clouds as a function of LWP (the
single-layer ice-only results were shown in section 3d).
These results for the liquid-only and mixed-phase
clouds, which only include cases when the SZA < 75°,
are shown in Fig. 10. By restricting our analysis to this
subset of data, the number of cases used in the SW
analysis is 3-5 times smaller than the number of cases
used in the LW analysis (Table 2).

The SW RHR profiles show a similar vertical struc-
ture (Fig. 10), albeit with opposite sign, as the LW RHR
profiles (Figs. 7a,c) in that the largest absolute RHR
values are located near cloud top, and decrease toward
the cloud base. However, the magnitude of the SW
heating rates is much smaller than LW cooling rates for a
given LWP bin. Furthermore, the SW RHR profiles
show very small differences (less than 2K day ') be-
tween liquid-only and mixed-phase clouds, for a given
LWP bin (Fig. 7d). Thus, the SW radiative heating
partially offsets the LW radiative cooling. Similar to the
LW RHR profiles, the SW RHR profiles show the
maximum SW heating occurring over a somewhat
shallower normalized height layer for mixed-phase
clouds relative to liquid-only clouds.

The magnitude of the SW RHR does depend on both
the SZA and the surface albedo. As the SZA decreases
(i.e., the sun is higher in the sky), the effective cloud
optical path decreases thereby giving less opportunity
for photons from the sun to be absorbed by the cloud
and thus the SW RHR decreases. Similarly, as the sur-
face albedo increases, more solar photons are re-
flected upward from the surface back into the cloud,
providing additional opportunities for these photons to

TABLE 3. Statistics of liquid-bearing single-layer clouds.

LWP bin Median LWC for liquid-only Median LWC for Median thickness for Median thickness
range (gm 2) clouds (gm ™) mixed-phase clouds (gm~>)  liquid-only clouds (m)  for mixed-phase clouds (m)
1-10 0.030 0.023 189 200
10-30 0.079 0.053 189 252
30-60 0.184 0.111 189 315
60-120 0.298 0.190 189 378
120-300 0.541 0.320 252 567
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The number of cases in each LWP bin is given in Table 2.

-100

be absorbed and thus increasing the SW RHR. Un-
fortunately, because of the relatively small number of
cases in our dataset, further reducing the data shown in
Fig. 10 into subsets by SZA or surface albedo results in
relatively few cases in many LWP bins, and the median
SW RHR profiles are noisy and thus they are not shown.
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F1G. 9. As in Fig. 8, but for the base of the single-layer liquid-
bearing cloud.

g. Characteristic double-layer cloud LW RHR
profiles

While single-layer clouds and clear skies are the most
dominant conditions at Barrow during these two years
(section 3b), double-layer clouds (i.e., where two cloud
layers were considered separate if there were at least
two radar bins that were free of hydrometeors) were the
third most common situation, occurring approximately
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FIG. 10. The normalized vertical distribution of the median SW RHR for single-layer liquid-bearing clouds when
the SZA < 75° using the LWP bins specified in Table 2 between Sfc, CBH, and CTH. The median clear-sky SW
RHR profiles are also shown. The number of cases in each bin is shown in Table 2.

22% of the time. (Note that changing the number of
hydrometeor bins used to distinguish two-layer clouds
from two to three or four does not affect the results
shown below significantly.) How does the presence of
the second cloud layer affect the LW radiative heating
profile? Many other studies have shown the sensitivity of
the RHR profile to cloud overlap (e.g., L’Ecuyer et al.
2008; Chen et al. 2000b). Clearly, the addition of a sec-
ond cloud layer adds considerable additional complexity
to the analysis relative to single-layer clouds; this section
aims to provide some initial insight into the character-
istic RHR profiles for a couple different classifications
given the relatively limited 2-yr dataset.

As was seen in sections 3d and 3e, the presence of
liquid water greatly enhances the RHR of the cloud
layer relative to a cloud that consists only of ice parti-
cles. Thus, the double-layer cloud cases were split into
two categories to investigate the impact of the presence
of ice and/or liquid in the different layers. The first
subcategory is where both cloud layers were liquid-
bearing (i.e., either liquid only or mixed phase), while
the second subcategory is where the lower layer was
liquid-bearing and the upper layer was ice only. The
number of cases is approximately equal in both sub-
categories. Other possible combinations of phase for
the two layers had significantly fewer samples (e.g.,
liquid only under liquid only, ice only under liquid
bearing), and thus are not shown because of relatively
poor statistics.

The characteristic LW RHR profiles for the first
subcategory (i.e., liquid-bearing under liquid-bearing
clouds) depends strongly on the amount of LWP in the
cloud in each layer. In Fig. 11a, the RHR profile is
binned by the amount of LWP in the lower cloud. Note
that, just as in Fig. 7, that the RHR becomes more

negative at the top of the lower cloud as the LWP in-
creases. However, the magnitude of the cooling at the
top of this lower cloud is much smaller than in the single-
layer liquid-bearing cloud (either liquid only in Fig. 7a
or mixed phase in Fig. 7c) because of the radiative im-
pact of the upper-level cloud. This demonstrates a ra-
diative shielding of the lower layer by the upper layer
(e.g., Shupe et al. 2013a). Additionally, for most of the
vertical extent of the lower cloud, the cloud is actually
radiatively warming the cloud layer and the atmosphere
below (relative to the clear-sky RHR profile). However,
as there is no correlation between the LWP in the lower
and upper cloud (Table 4), there is no obvious pattern to
the magnitude of the RHR in the upper cloud for when
the data are sorted by the LWP in the lower cloud.
However, if we sort the LW RHR profiles by the LWP
in the upper layer (Fig. 11b), several features become
apparent. First, the vertical distribution of the RHR in
the upper cloud is very similar to the distribution of the
RHR in the single-layer liquid-bearing clouds (Figs. 7a,c).
However, the peak radiative cooling at the top of the
upper layer in these two-layer cloud systems is larger in
magnitude with cooling rates approaching 100K day
for cases in which the LWP in the upper layer is in the
120-300 gm 2 subcategory (as opposed to ~80K day !
in the single-layer clouds); this is likely due to the re-
duced amount of water vapor above the top of the two-
layer cloud system (relative to the single-layer cloud
cases) that results in more efficient cooling to space.
Also note that the radiative warming (relative to clear
skies) in the middle-to-lower part of the upper-level
cloud (Fig. 11b) is very similar to the radiative warming
seen in the single-layer cloud systems (Figs. 7a,c). Sec-
ond, there is also an apparent sorting of the magnitude
of the RHR profiles in the lower cloud also, with cases
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FIG. 11. The normalized vertical distribution of the median LW RHR for two-layer clouds (a),(b) where both
layers contain some liquid water, or (c),(d) where only the bottom layer contains liquid water and the upper layer is
ice only. The profiles were normalized between Sfc, first cloud base (CBH,), first cloud top (CTH;), second cloud
base (CBH,), and second cloud top (CTH,). The data in (a) and (c) were binned according by the LWP in the lower
cloud layer using the same bins as Fig. 7. In (b), the data were binned according to the LWP in the upper cloud. In
(d), the data were binned by the IWP in the upper cloud using the same bin ranges.

having less LWP in the upper cloud having larger
magnitude RHR in the lower cloud. This is primarily
due to the reduced opacity of the upper-level cloud
when its LWP is small, resulting in a larger radiative
cooling at the top of the lower-level cloud; naturally,
this cooling at the top of the lower-level cloud de-
creases as the upper-level cloud becomes more opaque
and hence the radiation emitted from the upper cloud
increases.

The characteristic RHR profiles for double-layer
clouds where the lower level is liquid bearing and the
upper layer is ice only, where the profiles are binned by
the LWP in the lower-level cloud (Fig. 11c), are very
similar in vertical shape and magnitude as the single-
layer mixed-phase clouds (Fig. 7c). The upper-layer ice-
only cloud has no apparent effect on the RHR profile of
the lower cloud. Sorting the RHR profiles by the LWP

in the lower cloud also suggests that there is no radiative
impact in the upper-level ice-only cloud either (Fig. 7c).

However, the correlation between the LWP in the
lower cloud and the IWP in the upper cloud is essentially
zero (Table 5). Furthermore, the IWP is typically at least
an order of magnitude smaller than the LWP above
Barrow, which results in much smaller optical depths
and thereby a smaller radiative impact on the lower-
level cloud. Nonetheless, if we sort the LW RHR pro-
files into bins associated with the IWP of the upper-level
cloud (Fig. 11d), we see a slightly different picture. First,
the profiles of LW RHR in the upper-level cloud are
almost identical to those in the single-layer ice-only
cloud (Fig. 6). Second, we again see the largest magni-
tude RHR in the lower cloud associated with clouds with
the smallest IWP in the upper-level cloud; for example,
the subcategory with IWP less than 10 gm ™2 has a larger
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TABLE 4. Statistics for two-layer cloud conditions where both
layers contain liquid water. The data are binned by the amount of
LWP in the lower layer, and include the ratio of LWP in the top
cloud to the LWP in the bottom cloud, the correlation of the LWP
between the two layers for cases in that LWP bin, and the number
of cases in each bin.
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TABLE 5. Statistics for two-layer cloud conditions where the
lower layer contains liquid water and the top layer is ice only. The
data are binned by the amount of LWP in the lower layer, and
include the ratio of IWP in the top cloud to the LWP in the bottom
cloud, the correlation of the LWP and IWP for the two layers for
cases in that LWP bin, and the number of cases in each bin.

LWP bin LWP_up/ LWP bin IWP_up/
range (gm %) LWP_low Correlation No. cases  range (gm 2) LWP_low Correlation No. cases
1-10 4.60 0.03 1019 1-10 0.24 0.03 688
10-30 1.63 0.03 1740 10-30 0.10 0.01 2702
30-60 0.73 0.02 957 30-60 0.02 0.01 1809
60-120 0.43 —0.01 833 60-120 0.01 —0.07 1460
120-300 0.19 -0.28 609 120-300 0.01 —0.03 1022

cooling rate at the top of the lower-level cloud than the
subcategories with larger IWP in the upper level. This fea-
ture seen in Fig. 11d has the same explanation as that for
Fig. 11b, except that since the optical depth of the upper-
level cloud is less for ice-only clouds relative to liquid-
bearing clouds, the lower-level cloud radiates to space more
efficiently and hence has a larger LW radiative cooling rate.

4. Conclusions

This study computed the RHR profiles from a 2-yr
dataset of cloud microphysical properties retrieved from
ground-based remote sensors at the ARM NSA site near
Barrow, Alaska. Annual composites of the SW and LW
radiative heating rate profiles demonstrate large month-
to-month variability, which can be explained by the
seasonal dependence of the solar elevation angle and the
seasonal variability of the vertical distribution of liquid
and ice water contents.

From this dataset, characteristic LW and SW RHR
profiles were derived for single-layer liquid-only, mixed-
phase, and ice-only cloud systems. Additionally, LW
RHR profiles were also computed for double-layer
cloud systems; there were not enough cases to derive
meaningful SW RHR statistics in these double-layer
cases. These characteristic RHR profiles depend
strongly on the amount and location of the liquid water.
Significant differences in the vertical distribution of the
RHR were seen between single-layer liquid-only clouds
and single-layer mixed-phase clouds, with the former
typically having larger cooling rates at cloud top. This
finding is primarily due to the difference in the LWC
profiles, as single-layer liquid-only clouds are typically
geometrically thinner with larger LWC values than
single-layer mixed-phase clouds leading to stronger
cooling over a narrower layer.

As with any measurement, there are uncertainties in
the derived profiles of RHR. The errors in the RHR
profile depend on many factors including the accuracy of

1) the macrophysical cloud properties such as cloud
height and cloud fraction; 2) the microphysical cloud
properties such as IWC, LWC, and effective cloud par-
ticle size; 3) the atmospheric state such as the water
vapor and temperature profiles; and 4) the radiative
transfer model used to perform the calculations, which
includes both the spectroscopy of the model, the scat-
tering properties of the cloud particles, simplifications to
the radiative transfer (e.g., using a 1D scattering code
versus a full 3D scattering code), and more. Of all of
these items, many authors have shown that the un-
certainty in cloud fraction with height (which is also
called “cloud overlap’) provides the largest contribu-
tion to the uncertainty in the RHR calculation (e.g.,
Comstock et al. 2013; Thorsen et al. 2013; Chen et al.
2000b). The uncertainties associated with the cloud
properties do impact the computed RHR profiles, with
uncertainties in the effective particle size having a rel-
atively large impact on SW RHR profiles and un-
certainties in the vertical distribution of cloud optical
depth having the largest impact on LW RHR profiles
(Comstock et al. 2013). Generally the impact of cloud
property uncertainties on the RHR profile is less than
2Kday ! in either the LW or SW. Thus, the un-
certainties in the RHR profiles shown here that are
associated with our cloud microphysics retrieval al-
gorithm, provided that the cloud fraction is correct, is
much smaller than the differences between the char-
acteristic RHR profiles we have shown for different
classifications of clouds (e.g., single-layer liquid only
versus single-layer mixed phase).

There are several important messages that come from
this study. Many of these messages have been illustrated
in other studies (e.g., Mather et al. 2007; Haynes et al.
2013; Oreopoulos et al. 2016); however, this study
demonstrates key points that are specific to Arctic
clouds. One is the importance of cloud phase: a single-
layer cloud containing liquid water will have RHR
values at cloud top (for both LW and SW) that are
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10-20 times as large as those for ice-only clouds that
have the same amount of condensed water path. Second,
larger amounts of water path lead to a sharper RHR
gradient at cloud top in both LW and SW, and change
the vertical profile shape of the RHR inside the cloud.
Third, the LW radiative cooling at the top of single-layer
liquid-bearing clouds is typically much larger than the
SW radiative heating (if the sun is above the horizon) at
the same level, resulting in overall cooling at cloud top.
Fourth, for single-layer, liquid-containing clouds with
LWP values above 10gm % the LW RHR near the
bottom of the cloud is larger than clear-sky LW RHR,
and the SW RHR at the same levels is larger than the
clear-sky SW RHR; when combined, this results in
radiative heating of the cloud base. Last, multiple cloud
layers, especially when both layers contain liquid water,
greatly modify the LW RHR in the lower cloud layer
because of the additional downwelling LW radiation
being emitted by the upper cloud; which results in
radiative warming between the cloud layers (relative to
the clear-sky LW RHR). Taken together, all of these
radiative contributions to the diabatic heating profile
below, within, and above the clouds will impact the
stability of the atmosphere, driving dynamic motions
within and around the cloud layers themselves. This
radiatively driven instability in Arctic cloud layers is
considered critically important to maintain stratiform
clouds (e.g., Morrison et al. 2012; Solomon et al.
2017), which has been very difficult to achieve in nu-
merical models at any resolution (e.g., Klein et al.
2009; Cesana et al. 2012; Solomon et al. 2017).

This study quantifies Chen et al.’s (2000b) finding that
the radiative heating of clouds is very sensitive to the
phase of the cloud and how clouds overlap, providing
clear examples based on observations of how the RHR
profile above Barrow is dependent on cloud phase and
LWP. These characteristic RHR profiles can be used to
evaluate how well numerical weather prediction and
climate models represent Arctic clouds and their radi-
ative impact, especially since many of these models use
bulk single-moment physical parameterizations and
thus must estimate effective radius in some manner
(McFarlane et al. 2007).

While this study documented the impact on the RHR
profiles by clouds above Barrow Alaska, it is unknown if
these characteristic RHR profiles are representative of
clouds throughout the Arctic. For example, RHR pro-
files derived from ground-based remote sensors at one
tropical location were shown to agree with those
from a second tropical location, after appropriately
weighting each RHR profile by the relative frequency
of each cloud type at the second location (Mather and
McFarlane 2009). This concept needs to be evaluated
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for Arctic clouds, and future work will derive similar
RHR profiles at other ground-based remote sensing
sites such as SHEBA in the Arctic Ocean (Uttal et al.
2002), Eureka, Canada (Cox et al. 2012), and Summit,
Greenland (Shupe et al. 2013b), ideally using satellite
observations to provide information on cloud fraction
(e.g., Cesana et al. 2012; Kay et al. 2016), thereby
allowing this hypothesis to be tested.
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